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Abstrakt 
Detta examensarbete gjordes på begäran av ABB Oy, Power Grids Grid Integration, som 
är en projektenhet som planerar, förskaffar, och ibruktar  elstationslösningar inom både 
den inhemska och utländska marknaden. 
 
Den anställde hade fått i uppgift att testa ett prototyprelä under realistiska 
omständigheter. Målet med examensarbete var att verifiera distansskyddsfunktionen, 
dess tillhörande funktioner samt kommunikationsscheman för detta namnlösa relä. 
Arbetet inkluderade även skapandet av en ny reläkonfiguration för prototypen.  
 
Testen utfördes med OMICRONs CMC356 testuppsättning och testmjukvaran 
TestUniverse same RelaySimTest, av samma tillverkare. Testmoduler såsom Advance 
Distance, State Sequencer och Ramping användes för att erhålla resultaten. 
 
Resultaten av detta examensarbete var den tidigare omnämnda reläkonfigurationen 
såväl som testrapporter från både TestUniverse och RelaySimTest, av vilka båda 
sekretessbeläggs. 
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Tiivistelmä 
Tämä opinnäytetyö toteutettiin ABB Oy, Power Grids Grid Integration -yksikölle, joka 
projektiyksikkönä toimittaa niin kotimaisille kuin ulkomaisille markkinoille 
sähköasemaratkaisuja, jotka sisältävät suunnittelun, hankinnan ja käyttöönoton. 
 
Opinnäytetyössä tehtävänä oli testata prototyyppisuojarelettä todellisuutta vastaavissa 
olosuhteissa. Työn tavoitteena oli varmistaa distanssisuojauksen ja siihen liittyvien 
toimintojen sekä viestiyhteyksien toiminta nimettömässä prototyyppilaitteessa. Tähän 
sisältyi myös uuden relekonfiguraation luominen prototyyppirelettä varten. 
 
Testit suoritettiin OMICRON:n CMC356 -testisettiä käyttäen TestUniverse- sekä 
RelaySimTest -testiohjelmistoissa, joista molemmat ovat OMICRON:n kehittämiä. 
Testituloksien saamiseksi hyödynnettiin testimoduuleja, kuten Advance Distance, State 
Sequencer ja Ramping. 
 
Tämän opinnäytetyön tuloksena on aiemmin mainittu relekonfiguraatio sekä 
testiraportit TestUniverse- ja RelaySimTest -ohjelmistoista. Tulosten yksityiskohdat ovat 
salattuja. 
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Abstract 
This bachelor’s thesis was commissioned by ABB Oy, Power Grids Grid Integration, which 
is a project unit providing substation solutions including engineering, procuring and 
commissioning in markets both domestic and abroad. 
 
The employed had been tasked with testing a prototype relay for realistic conditions. 
The objective of this thesis was to verify the distance protection function, its related 
functions and communication schemes of an unnamed prototype relay. This also 
included the creation of a new relay configuration for the prototype. 
 
The tests were performed using OMICRONs CMC356 test set and the test software 
TestUniverse and RelaySimTest, both developed by OMICRON. Test modules such as 
Advance Distance, State Sequencer and Ramping were utilized to acquire the results. 
 
The result of this bachelor’s thesis was the aforementioned relay configuration as well as 
test reports from both TestUniverse and RelaySimTest, both of the latter to be classified. 
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ABB:    ASEA, Brown & Boveri 
AIS:    Air Insulated Switchgear 
CR: Carrier Received, a relay receives a signal via scheme 
communication 
CS: Carrier Send, a relay transmits a signal via scheme 
communication 
DCB:    Directional comparison blocking 
DUTT:    Direct underreaching transfer trip  
GFC:    General Fault Criteria 
GIS:    Gas Insulated Switchgear 
HV:    High Voltage, >100 kV 
MV:    Medium Voltage >1 kV, <70 kV 
SOTF:    Switch on to fault, a relay protection function. 
R:    Resistance 
RF: Fault resistance between faulted phases or phase and 
earth at fault location 
X:    Reactance 
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1 Introduction 
This bachelor’s thesis is about verifying the distance protection and related functions for a 
prototype relay. For this purpose, a new relay configuration was also developed. As the 
results of this thesis are highly classified, it has been decided that it should focus on the 
approach and methods of testing the distance protection. 
1.1 Background 
The ABB Oy, Power Grids Grid Integration Unit was tasked with testing and verifying the 
distance protection function of a prototype relay that in this thesis will be called “LDR600”. 
The relay was as mentioned, a new prototype, and as such no previous relay configuration 
existed in our possession.  
My main tasks in this bachelor’s thesis was to create a relay configuration for the prototype, 
install the relay in our factory acceptance test area, connect the required testing apparatus, 
assist with and document the relay tests. 
2 Company 
ABB Ltd was the result of a merger between the Swedish company ASEA AB, and the Swiss 
BBC Brown Boveri Ltd in 1987 and at the time had the name ABB Asea Brown Boveri Ltd. 
At this time the company was equally shared between the founding parent companies. Later 
in 1996 these parent companies would decide to change their names to ABB AB (formerly 
ASEA AB) and ABB AG (formerly BBC Brown Boveri AG) to strengthen the ABB Brand. 
In 1999, due to internal restructuring and going public with ABB AB and ABB AG shares, 
the roles were reversed so that ABB Ltd would take the role of ultimate parent company 
within the ABB Group. 
The ABB Group as of today operates in over 100 countries all over the world and have over 
300 listed subsidiaries. In 2016 ABB Ltd reported a 33,9 billion USD turnover. The global 
ABB is also split into four divisions: Electrification Products, Robotics and Motion, 
Industrial Automation and Power Grids. Each division operates individually but under the 
same global ABB Brand. (Bureau van Dijk, 2017) 
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2.1 ABB Oy 
ABB Oy is a Finnish subsidiary of the ABB Group with its headquarters in Helsinki. ABB 
Oy reported an annual turnover of 2,2 billion EUR in 2016 under the leadership of its director 
Pekka Tiitinen. (Bureau van Dijk, 2017) 
Even though ABB Oy officially was founded in 1988, some would argue that the local 
subsidiary was born in 1889 with Gottfird Strömbergs Elföretag or Strömberg Ab Oy as it 
would later be called. One year before ASEA AB merged with BBC Brown Boveri AG the 
company also acquired Strömberg Ab Oy and as of 1988 the local subsidiary would be 
known as ABB Strömberg Oy only to a few years later again change into ABB Oy. (ABB, 
2016) 
2.2 Power Grids, Grid Integration Unit 
The local Grid Integration Unit currently (2018) located at Strömberg Park, Vaasa, is the 
new face of what once was Power Systems Substation Solutions. It is a subdivision of Power 
Grids handling engineering packages and turn-key substation deliveries for transmission and 
distribution. The unit is both active domestically and abroad, operating mainly in the CIS-
area (Commonwealth of Independent States) and Africa outside of Finland. Grid Integration 
Service also provides a life time service for delivered substation solutions and smaller 
projects. The sub-division employs around 100 people in Finland. (ABB, 2017) 
3 Substation summary 
To easier understand where a relay with a distance protection function is used, we will 
summarize the standard substation. 
The 110/20 kV substation is the most common substation in the electrical grid in Finland, 
linking the 20 kV distribution grid to the 110 kV transmission network. Other common 
voltage levels in the transmission network in Finland is 220 kV and 400 kV and for 
distribution 33 kV. The main purpose of a substation is to transform and distribute electricity, 
but to do so safely and efficiently one also needs to monitor, control and protect the 
electricity grid. This control and protection is achieved by equipping the substation feeders 
with instrument transformers, measuring current and voltage for each phase in real time, and 
feeding this information to relays and substation management unit. If a relay senses that 
there is a fault or disturbance in the line, it might send a signal to the feeder circuit breaker, 
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disconnecting the feeder to prevent damage until proper action can be taken to restore the 
power. It is here where one can find use of a distance protection relay. 
 
Figure 1. 110 kV Air insulated switchyard (Carl-Oskar Lill, 2017) 
 
While most high voltage substation switchgear in Finland currently are air insulated, more 
compact and functional gas insulated switchgear is becoming more common. The same 
applies for medium voltage switchgear, as gas insulated switchgear is mostly used when 
space is scarce. (Personal communication with Project Engineer A.Back 2018.03.14).  
The typical feeder (in most cases of HV, MV, AIS and GIS switchgear) consists of a circuit 
breaker, a disconnector, a current transformer, a voltage transformer and a surge arrester. 
The current and voltage transformers transmit real time measurement data to the feeder 
protection relay. The relay can operate the circuit breaker if necessary and eventually the 
disconnector if it is motor operated. The purpose of the surge arrester is to act as protection 
against over voltages such as sudden switches in the network or lightning. The surge arrester 
acts as a passive component and as such has no aspects that can be controlled. 
4 Distance protection relay 
For line protection applications, distance protection has time and again proven to offer a 
competitive solution with economical and technical advantages over other forms of 
protection types. ” Unlike phase and neutral overcurrent protection, the key advantage of 
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distance protection is that its fault coverage of the protected circuit is virtually independent 
of source impedance variations” (Richards, et al., 2011) 
4.1 Distance protection function 
The distance protection relay operates by continuously measuring impedance. The relays 
compare the measured impedance with a calculated estimation of the line impedance. If the 
measured impedance is less than the calculated impedance, a fault has occurred on the line. 
Although due to miscalculations of transmission line length and inaccuracies in CT’s and 
VT’s, precautions are made to avoid tripping of the whole grid. One of these precautions is 
splitting the measured impedance into zones. Usually the first protection zone is defined 
using 80% of the calculated impedance, which means that the zone is reaching 80% of the 
total length of the transmission line. This zone also trips the connected circuit breaker 
instantly. If the opposing distance protection relay also detects a fault in its own zone 1, the 
corresponding breaker also trips instantly. The second protection zone, zone 2, is usually 
defined to be of a greater length than the calculated transmission line, thus overreaching the 
transmission line. 120% of the calculated line impedance is used as a reference, ensuring full 
line coverage. This zone must be time delayed by a certain amount of cycles to avoid 
unnecessary tripping as a result of faults in adjacent transmission line circuits. These 
overlapping and overreaching zones result in complete line protection and fast fault-tripping 
in 80-85% of the line and somewhat slower in the remaining section of the line. Additional 
zones may be used as backup protection such as zones reaching backwards. (Richards, et al., 
2011) 
 
Figure 2. Distance protection function block in PCM600 
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4.1.1 Impedance measurement 
To measure the impedance, the relay need continuous measurements of current and voltage 
from the feeder current and voltage transformers respectively. The impedance is calculated 
using the following formula: 
?̅? = 𝑅 ∙ 𝑖̅ +
𝑋
𝜔0
∙
Δ𝑖̅
Δ𝑡
 
Where ?̅? is the momentary measured voltage, 𝑖 ̅is the momentary measured current and 𝜔0 =
2 ∙ 𝜋 ∙ 𝑓0 is the angular frequency. 𝑅 is the resistance and  𝑋 the reactance of the line.  The 
expression 
Δ𝑖̅
Δ𝑡
 describes the change in momentary current divided by the change in time. This 
can be rewritten as a complex formula: 
{
 
 
 
 𝑅𝑒(?̅?) = 𝑅 ∙ 𝑅𝑒(𝑖)̅ +
𝑋
𝜔0
∙
Δ𝑅𝑒(𝑖)̅
Δ𝑡
𝐼𝑚(?̅?) = 𝑅 ∙ 𝐼𝑚(𝑖)̅ +
𝑋
𝜔0
∙
Δ𝐼𝑚(𝑖)̅
Δ𝑡
 
And as such we can extract the resistance and the reactance as the two main components of 
impedance. 
{
 
 
 
 𝑅 =
𝐼𝑚(?̅?) ∙ Δ𝑅𝑒(𝑖)̅ − 𝑅𝑒(?̅?) ∙ 𝐼𝑚(𝑖)̅
Δ𝑅𝑒(𝑖)̅ ∙ 𝐼𝑚(𝑖)̅ − Δ𝐼𝑚(𝑖)̅ ∙ 𝑅𝑒(𝑖)̅
𝑋 = 𝜔0 ∙ Δ𝑡 ∙
𝑅𝑒(?̅?) ∙ 𝐼𝑚(𝑖)̅ − 𝐼𝑚(?̅?) ∙ 𝑅𝑒(𝑖)̅
Δ𝑅𝑒(𝑖)̅ ∙ 𝐼𝑚(𝑖)̅ − Δ𝐼𝑚(𝑖)̅ ∙ 𝑅𝑒(𝑖)̅
 
And as such we can calculate the impedance as: 
𝑍 = 𝑅 + 𝑖𝑋 
(ABB, 2015) 
4.1.2 Impedance and fault calculation 
To calculate the impedance for faults, either loop or phase domain calculations are utilized. 
As we only used the loop domain method in the parameter setting when making the relay 
configuration, we will only focus on this method out of the two. 
In a phase to earth fault scenario with no load the impedance is calculated, using the loop 
domain method, by the following formula: 
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𝑍𝑃ℎ−𝐸 =
𝑈𝑃ℎ𝑋
𝐼𝑃ℎ𝑋
= 𝑍1 + 𝑍𝑁 + 𝑅𝐹 
 
 
Figure 3. Illustration of phase to earth fault loop 
 
In Figure 3, 𝑈𝑃ℎ𝑋 and 𝐼𝑃ℎ𝑋 represents the voltage and current measured for the faulted phase. 
𝑍1 is the positive-sequence impedance of the protected line until the point of the fault. 𝐼𝑙𝑜𝑎𝑑 
is the load component. 𝑅𝐹 is the fault resistance (resistance between phase and earth at fault 
location) and 𝐼𝐹 is the current through that resistance. 𝑍𝑁 is the return path impedance and 
is defined as 𝑍𝑁 =
𝑍0−𝑍1
3
, where 𝑍0is the zero-sequence impedance of the line.  
(ABB, unknown) 
Positive-sequence and zero-sequence impedance are symmetrical components of the 
asymmetrical actual impedance. The correlation between symmetrical components and 
phase values in a network can be described as following using voltage as an example: 
 
Figure 4. Illustration of symmetrical components 
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The unsymmetrical network is the sum of the positive sequence, negative sequence network 
and Zero sequence network s. This can be illustrated through the formula: 
[
𝑈𝑎
𝑈𝑏
𝑈𝑐
] = [
𝑈1
𝑎2𝑈1
𝑎𝑈1
] + [
𝑈2
𝑎𝑈2
𝑎2𝑈2
] + [
𝑈0
𝑈0
𝑈0
] 
Where 𝑈𝑎, 𝑈𝑏 and 𝑈𝑐 are the different phase values, 𝑎 = 𝑒
𝑖2𝜋
3 ≈ −0,5 + 𝑖0,866 as a complex 
operator to describe phase shifting (𝑎 equals 1∠120° and 𝑎2 equals 1∠ − 120°), and 𝑈0, 𝑈1 
and 𝑈2 describes zero, positive and negative sequence symmetrical components. The same 
type of formula can also be applied to currents and impedance.  
[
𝑈𝑎
𝑈𝑏
𝑈𝑐
] = [
1 1 1
1 𝑎2 𝑎
1 𝑎 𝑎2
] [
𝑈0
𝑈1
𝑈2
] 
(Weedy & Cory, 1998) 
4.1.3 Underreach and overreach 
The relay can detect a fault by either under or overreaching a zone. A distance relay is said 
to under-reach when the impedance presented to it is apparently greater than the impedance 
to the fault. Zone is defined as under-reaching when its reach is less than line length and 
over-reaching when its reach is more than line length. (Personal communication with Lead 
Engineer Rauno Hirvonen 01.04.2018) The underreaching is as the name describes when the 
reach of the relay is within the zones reach. The percentage of the underreaching function 
can be defined by 
(𝑍𝑅 − 𝑍𝐹) ∙
100
𝑍𝑅
 
where 𝑍𝑅 is the set relay reach and 𝑍𝐹 the reach at which the fault occurs.   
Overreaching is also as the name suggest, when a fault occurs past the set reach of the relay. 
With the same parameters as above, overreach percentage is defined by: 
(𝑍𝐹 − 𝑍𝑅) ∙
100
𝑍𝑅
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4.1.4 Zones in a quadrilateral R/X diagram 
A distance relay has several zones in which the trip time differs. These zones are defined by 
varying impedance. Although these zones are linear in practice they are usually illustrated 
in a 2-dimensional diagram, with the resistance on one axis and the reactance on the other. 
This type of diagram is also called a quadrilateral R/X diagram. Alternative types of 
diagrams are Mho (circular), Mho Dir Line, Offset Dir Line, and Bullet (combi), but because 
of the superior resistive coverage of short lines we only explore the quadrilateral type. 
The simplest way to draw a zone is to do it based on values R1 (positive sequence resistive 
reach), X1 (positive sequence reactive reach) and RFPE (resistive reach of phase to earth 
loops). In the following example (see Figure 5) the variables have been given the values 
𝑅1 = 5Ω, 𝑋1 = 10Ω and 𝑅𝐹𝑃𝐸 = 20 Ω. The graph in Figure 5 illustrates a phase to earth 
zone. Each zone has different set values for phase to earth faults and phase to phase faults, 
but are constructed in a similar way.  
 
Figure 5. Basic construction of Zone in quadrilateral R/X diagram 
 
Additionally, the zone is restricted with a maximum and minimum phase angle zone, this 
limits the zone to be operational in only one direction. In Figure 6 the zone is limited to only 
reach forward by angles defined by the set values maximum and minimum phase angle 
which defines maximum angle from R-axis to right hand side of directional line and left-
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hand side of directional line. In Figure 6 the values 15 and 115 degrees are used. To 
compensate for possible overreach (or in some cases underreach) a tilt angle is also set to 
limit (or extend the zone). In Figure 6 this angle is set to -5 degrees and as such decreases 
the tripping zone area. 
 
Figure 6. Illustration of zone in quadrilateral R/X diagram restricted by angles 
 
Figure 7 illustrates a typical zone, but in most cases, zones of different shapes and sizes are 
placed overlaying one another. See Appendices C and D for relay settings used in testing. 
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Figure 7. Illustration of zone in quadrilateral R/X diagram 
4.1.5 General fault criteria (GFC) 
The general fault criteria, or GFC, can be seen a masking zone. Even though a fault occurs 
within a zone, if the fault is outside the GFC area, the relay will not trip. There are different 
GFC parameters for phase to phase faults and phase to earth faults, and thus different GFC 
areas depending on the type of fault. 
The GFC area in a quadrilateral diagram is formed as a square by the set values for reactive 
forward reach and reactive reverse reach along the X-axis and resistive forward reach and 
resistive reverse reach along the R-axis. However, load encroachment areas is often added 
and defined by the set values for forward and reverse resistive reach for load discrimination 
and load discrimination angle. 
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Figure 8. GFC characteristics in a quadrilateral R/X diagram (ABB, 2015) 
 
These load encroachment areas are used to prevent unwanted tripping in cases of line load. 
(ABB, 2015) 
4.1.6 Load compensation 
Load compensation is a passive functionality built in to the distance protection to increase 
tripping accuracy in single line to earth faults. Uncompensated the distance protection 
function have a tendency to overreach the outgoing feeders and underreach the incoming 
ones. The load compensation either increases or decreases the 𝑅𝐹 value (see “Figure 3. 
Illustration of phase to earth fault loop” for definition of 𝑅𝐹). 
 
Figure 9. Operation principle of load compensation functionality (ABB, 2015) 
 
For earth faults the load compensation is calculated numerically using a non-disclosed 
algorithm. (ABB, 2015) 
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4.2 Distance protection scheme communication 
Even though individual protection relays should be able to operate on their own, a distance 
protection scheme is often used, allowing the different distance protection relays to operate 
with less delays for a reduction in potential damage a fault could cause. An example would 
be a fault in the 20% not covered by the zone 1’s reach, thus having to be tripped by the zone 
2 with a delay, usually 0,25 to 0,4 s. Faults in this area may cause the circuit to become 
unstable, power quality may be reduced and also “where high-speed auto-reclosing is used, 
the non-simultaneous opening of the circuit breakers at both ends of the faulted section 
results in no 'dead time' during the auto-reclose cycle for the fault to be extinguished and for 
ionised gases to clear. This results in the possibility that a transient fault will cause permanent 
lockout of the circuit breakers at each end of the line section”. (Richards, et al., 2011) 
4.2.1 Direct underreaching transfer trip scheme (DUTT) 
The direct intertrip scheme is a relatively simple configuration. The relay detects a fault in 
the underreaching zone 1, this triggers a direct intertrip signal that is sent to the far end relay, 
which also trips immediately, as the local relay also trips. All trips are very quick as no other 
criteria is taken into consideration. (ABB, 2015) 
 
Figure 10. Simplified functional diagram of the direct intertrip scheme, where relay B detects a fault in 
zone 1, and commands relay A to trip circuit breaker A (ABB, 2015) 
4.2.2 Permissive underreaching transfer trip scheme (PUTT) 
The permissive underreaching scheme is quite similar to the direct intertrip scheme. This 
scheme starts by detecting a fault in the underreaching zone. However, when the relay 
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transmits a permissive trip signal to the far end relay it trips on the condition that it has 
detected a fault in zone 2. The first relay trips unconditionally. (ABB, 2015) 
 
Figure 11. Simplified functional diagram of permissive underreach scheme, where relay B detects a fault 
in zone 1, and signals relay A to trip circuit breaker A, if relay a locates the fault within its zone 2 (ABB, 
2015) 
4.2.3 Permissive overreaching transfer trip scheme (POTT) 
The permissive overreaching scheme starts by detecting a fault in the overreaching zone 2 
or the underreaching zone 1, the latter causing the relay to trip immediately, this causes the 
relay to transmit a permissive trip signal to the far end relay.  The far end relay it trips on the 
condition that it has detected a fault in zone 2 and transmits a permissive trip signal to the 
first relay, causing it to trip if it has not done so already. (ABB, 2015) 
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Figure 12. Simplified functional diagram of permissive overreach scheme, where relay B detects a fault 
in zone 1 or 2, and signals relay A to trip circuit breaker A, if relay a locates the fault within its zone 2  
(ABB, 2015) 
4.2.4 Directional comparison blocking scheme (DCB) 
This blocking scheme starts by receiving a start signal from the reverse looking zone 3 to 
transmit a block signal to the far end relay. This is to prevent a false trip from the 
overreaching zone 2. No relay trips during the set blocking time. If the fault persists, normal 
zone operation resumes and trips the local relay. (ABB, 2015) 
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Figure 13. Simplified functional diagram of the blocking scheme, where relay B detects a fault in zone 3, 
and blocks relay A from operating circuit breaker A (ABB, 2015) 
4.2.5 Current reversal logic 
The current reversal logic function is to prevent false relay tripping in case of for example a 
faulty parallel feeder. The function starts by detecting a fault in the reverse looking zone 3, 
the far end relay detects the same fault by overreaching zone 2 and thus transmits a 
permissive signal to the local relay (assuming a POTT communication scheme). The parallel 
feeder in which the fault occurs trips in the nearer end, causing the current to reverse. 
Normally the local relay would detect a fault in zone 2 at this moment, while still receiving 
a permissive signal, causing the relay to trip, but instead the current reversal logic prevents 
this and blocks the trip, keeping the healthy feeder closed. (ABB, 2017) 
4.3 Additional functions 
These additional functions are not connected with the distance protection function, but were 
tested on the relay as well, as they often are complementary functions to the distance 
protection function. 
4.3.1 Fuse failure supervision 
The fuse failure supervision is to protect unwanted tripping due to blown fuses of instrument 
transformers. The function relies on calculating a symmetrical negative sequence component 
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to judge if the system is out of balance, indicating an actual line fault. The fuse failure 
function also often has a delta current and delta voltage function. 
The real three phase system can be split up into several symmetrical components, a positive 
sequence component, a negative sequence component and a zero-sequence component (see 
4.1.2 Impedance and fault calculation). The fuse failure function has a set value for negative 
sequence voltage and negative sequence current. By inserting the different phase values into 
the symmetrical component matrix explained in paragraph 4.1.2 the relay algorithms 
calculate the magnitude of the negative sequence component of the system.  If the negative 
sequence voltage value is exceeding its set value and the negative sequence current value 
dips below its set value, the function will block the distance protection function. 
The delta voltage and delta current functions are independent of the negative sequence 
measurement. The function monitors changes in current and voltage acceleration (
𝑑𝑈
𝑑𝑡
 and 
𝑑𝐼
𝑑𝑡
), and compares these measurements with set values and conditions such as circuit breaker 
position. (ABB, 2015) 
4.3.2 Switch onto fault 
Switch onto fault is a function that accelerates the trip time when the circuit-breaker closes 
onto a faulty feeder. The function reliably trips faster than impedance protection or 
directional overcurrent protection that has a longer trip times. The start signal comes from 
the overreaching non-directional zone around the relay. This signal can also be set to start 
operation with a time delay, though this is not always used. If a fault in the non-directional 
zone is detected soon after closing the circuit breaker, the function immediately trips 
unconditionally. After a set time after closing the circuit breaker the function will reset, and 
the relay will resume normal operation. (ABB, 2015) 
5 Relay configuration 
To be able to perform necessary tests on the LDR600 prototype, a new relay configuration 
was needed. As a base for application settings and parameters, a REL670 line protection 
relay to the substation Orimattila from the substation Hikiä was used.  
Several functions were removed from the final relay configuration due to being deemed 
irrelevant to the testing or simply not being finished in time for the testing. Some of these 
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functions were earth fault protection and communication, current protection functions, auto-
reclose and synchro-check circuits and IEC61850 signalling. 
5.1 PCM600 
The name PCM600 comes from the abbreviation of Protection and Control IED (Intelligent 
Electronic Device) Manager, and is one of ABB’s most prominent tools for Relion® 
protection and control IED application and communication configuration, and disturbance 
handling (ABB, 2013).  
For creating a relay configuration of a not yet released relay, a prototype version called 
PCM600 200.200 was used at first. This seemed to be a quite unpolished version as extra 
steps needed to be taken into account to achieve the desired functionality of the program. A 
more stable version, PCM600 2.9 was later used for the final relay configuration. 
The PCM600 software allows the user to program the relay using drag-and-drop function 
blocks that are tied to each other and/or binary and analogue inputs and outputs. Additional 
parameter setting for each function block can then be configured for the desired 
functionality. 
For the relay testing PCM600 have the option to monitor signals online in real time, to easier 
track down the source of an error.  (ABB, 2017) 
6 Relay testing 
When testing the prototype relay, the relay was connected to a DIN-rail and connected to a 
OMICRON CMC 356 device (see 6.1.1) according to the illustration on Appendix E. To 
successfully simulate the conditions, both current and voltage inputs were connected, 
including ground, other signals needed was binary inputs such as circuit breaker close 
command, circuit breaker position (open) and carrier received for permissive tripping 
command. To monitor the relay actions, connected outputs were the main trip command, 
general start of fuse failure function, start of GFC, general start (see Appendix A for signal 
logic) and carrier send for permissive tripping. Additionally, the relay was connected to a 
90VDC power source, and with an Ethernet cable for communication with PCM600. 
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6.1 OMICRON 
OMICRON is a company that provides testing and diagnostic equipment and tools for the 
testing and commissioning of the electrical power industries products. For the relay testing 
we used OMICRON’s test sets to verify the relays functionality. 
6.1.1 CMC 356 
The OMICRON CMC 356 testing apparatus designed for testing different types of protection 
relays. It has four dynamic analogue voltage outputs able to produce 300 V each at the same 
time, or 600 V if focused on a single output. The apparatus also has six analogue current 
outputs, able to produce 32 A each or 128 A if focused on a single output. The apparatus is 
also equipped with four binary outputs and ten binary inputs. 
To control and monitor the relay testing the CMC 356 was connected to a controlling PC 
with the appropriate software installed.   (OMICRON, 2018) 
 
Figure 14. OMICRON CMC 356 Universal relay test and commissioning tool (OMICRON, 2018) 
6.1.2 CMGPS 588 
For test time synchronization the OMICRON CMGPS 588 was used. The CMGPS is a GPS 
controlled synchronization unit add-on for the CMC 356 (however not exclusively as it is 
also compatible with similar test sets). It can be set to operate on an exact pre-set time, 
synchronize two or more OMICRON CMC’s or time-stamp recorded test data. (OMICRON, 
2017) 
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The CMGPS was connected to the CMC 356 via Ethernet cable, this also provided power to 
the CMGPS unit via Power over Ethernet. As the CMGPS is optimized and intended for 
outdoor usage, the units had to be located in a window in the testing facility to achieve the 
needed GPS satellite coverage.  
6.1.3 Test Universe 
OMICRON Test Universe 3.20 was the software used for single relay testing. The software 
allows for full control of the OMICRON CMC 356 tool. In the Test Universe environment, 
the user is allowed to perform individual specific smaller tests on the connected IED, or 
create a series of tests to be performed. One can also open an existing test setup template 
provided by OMICRON. The many different test modules allow for convenient testing of 
specific IED functions.  
The simplest module is the Quick CMC module, which allows for manual testing by 
manipulating voltages, currents, phase angle, frequency and binary signals. As these values 
are set and adjusted, handy diagrams such as phasor diagrams, quadrilateral R/X diagrams, 
illustrate symmetrical components, impedance and other relevant information. Other 
modules allow for more specific testing such as testing overcurrent, distance, or auto-
reclosing functions to name a few. 
Using the OMICRON Control Centre (OCC) the user can create a test plan consisting of 
several test modules. After being set up, the tests will be performed sequentially and the test 
results will be summarized in a customizable test report in which the user can select what 
data and graphs is to be displayed and what to exclude for a relevant overview. (OMICRON, 
2017) 
 20 
 
Figure 15. OMICRON TestUniverse 3.20 Launch menu 
6.1.4 RelaySimTest 
The software OMICRON RelaySimTest 2.20 was needed for testing the scheme 
communication between two relays. Each relay was connected to its respective OMICRON 
CMC 356 unit.  
RelaySimTest simulates realistic scenarios to allow for detection of faults in calculations or 
relay function, logic and communication scheme settings. The idea of the program is to make 
complex protection schemes a bit simpler. The tool allows the user to create a model of the 
power line, with the relays, instruments transformers and breakers at each side, or a more 
detailed, larger model of the power grid. The user can then easily pick, where on the line a 
fault should be simulated, and observe how the IED’s react.  
Similar to Test Universe, RelaySimTest also allows the user to perform single tests, or a 
series of sequential tests, to be assessed and summarized in a configurable report. 
(OMICRON, 2017) 
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The software was either set to run on one computer controlling both OMICRON units, 
synchronized via satellite uplink, or alternatively on two computers communicating via 
internet, to allow for longer distance between the relays. In the latter case the test was still 
only controlled from one PC. 
6.2 Test procedure 
When testing the relay, similar methods were used for almost all tests. By manipulating the 
current and voltage inputs to the relay, the relay was eventually prompted to trip. By then 
observing the time between fault and trip, we could decide if the relay function had worked 
properly or not. Some functions required to be monitored via binary output signals besides 
the trip signal, so a few extra binary outputs were temporarily connected for this purpose. In 
some instances, a few of the relay functions had to be turned off in order to avoid interference 
and isolate the desired functionality. 
By using the application configuration found as Appendix A, we have been using a 5 zone 
configuration as opposed to the 3 zone model used in chapter 4. As such some of the tests 
have been altered to achieve compatibility with our configuration. 
6.2.1 Testing of Zones 
The testing of the different zones was done in the software OMICRON Test Universe using 
the OMRICRON Advanced Distance module. By changing the resistance and reactance and 
depending on the trip time defining zone borders. 
First a series of shot tests were applied to different zones to probe the relays behaviour. A 
cursor was placed within or outside the borders of a certain zone in a graphic interphase 
illustrating the R/X diagram of the distance protection function. 
After the first sporadic tests, so called search tests were performed. Here several faults were 
simulated sequentially along a set line in the R/X interface. The search test algorithm looks 
for differences in trip times and tries to locate the zone borders and mark these in the 
Impedance View. 
Both tests for Phase to Phase faults and Phase to earth was performed. 
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6.2.2 Testing of load compensation 
Testing the load compensation was a bit tricky since there was no set value to toggle the 
amount of load compensation. A fault was simulated close to the zone border in zone 1, still 
far enough from the border to not be considered within the tolerance levels. A test was 
performed to assure that the fault caused zone 1 to trip. Then load compensation was turned 
on in the relay parameter settings. A fault was then simulated in the same location as 
previously and the trip time observed. A trip in zone 2 would verify the function. 
6.2.3 Testing of fuse failure 
A symmetrical negative sequence component was injected to see if the fuse failure function 
would block the relay form tripping. The magnitude of said component was varied to test 
the set values of the function.  
The fuse failure function was tested by cutting one phase voltage but keeping all currents 
symmetrical. Injecting voltages 0V, 57,73 V, 57,73 V and currents 1,00 A, 1,00 A 1,00 A. 
This is illustrated in Figure 16 as State 1.  In this state the fuse failure function should prevent 
the relay from tripping. However, when simulating a phase to earth fault in State 2 (also 
shown in Figure 16) the fuse failure function should recognize this as an actual fault and let 
the relay trip according to where the fault is located. 
During testing one could also monitor how the fuse failure function activates a VTS (Voltage 
Transformer Supervision) signal, indicating that the function is blocking other functions 
from tripping. 
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Figure 16: States 1 and 2 from fuse failure test (OMICRON TestUniverse) 
 
To test the threshold of the negative sequence voltage component a ramp test was performed. 
The test was set to run from 30 V to 20 V in 100mV increments on phase 1, the other phases 
remaining at 57,73 V, to see when the fuse failure function was activated. The set value for 
the operation level of negative sequence overvoltage element was 0,1 ∙ 𝑈𝑛 = 10 𝑉, 𝑈𝑛 =
100 𝑉 which should result in the relay not tripping after the voltage of phase 1 drops below 
≈ 27,75 𝑉 indicating a fuse failure.   
Similarly, the same procedure was repeated for the current, however due to the nature of the 
function in a rising ramping function. The function was set to run from 50 mA to 100 mA 
on phase 1. The set value for the current was 0,03 ∙ 𝐼𝑛 = 30 𝑚𝐴, 𝐼𝑛 = 1 𝐴 and thus the fuse 
failure function should be deactivated when the phase 1 current rises above 90 mA.  
6.2.4 Testing of SOTF 
A fault was introduced in various intervals after the circuit breaker was simulated to close to 
test if the SOTF tripped. The set value for SOTF was 1000ms, after this period normal 
operation should resume. 
The start of the switch on to fault function was trigger by an OR function of START_Z2 and 
START_Z5, covering a non-directional area around the circuit breaker. With zone 2 set to 
trip after 400 ms, the SOTF function was verified when a fault was set to occur after 500 ms 
from closing of the circuit breaker and a reaction time of around 40 ms to trip. The function 
was also tested with a fault set to occur after 1,1 s, and in this case the trip signal occurred 
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400 ms after the simulated fault, indicating that the SOTF function was no longer acting. 
The function was also verified in reverse direction (fault in Zone 5), as the relay once more 
tripped after around 40 ms. The only test that made it into the report was when the function 
was tested with a fault in zone 2 after a 900ms delay from closing of the circuit breaker, 
resulting in a 40,80 ms trip time. 
 
Figure 17. Time Signal View of SOTF test with fault to occur 900 ms after circuit breaker closing 
(OMICRON TestUniverse) 
6.2.5 Testing of distance protection scheme communication on one relay 
When testing the Distance Protection Scheme communication on one relay, only the POTT 
scheme communication was tested. The testing was performed by monitoring and 
manipulating the CR and CS signals from and to the relay with different zone faults. In 
Figure 18 the CS signal is labelled as ZCOM_PRM and the received remote CS signal or 
CR signal as BI_ZCOM_CR_PRM.  
 
Figure 18. Distance protections scheme configuration application setting (PMC600) 
The first part of the distance protection scheme communication function was to test how the 
function would try to communicate in a POTT scheme. First a fault is simulated in zone 4 
which should not trigger a CS signal as the function does not detect a fault in zone 3, a trip 
should not occur before after 3 seconds as is the set trip time for zone 4 faults. This test 
verifies that the scheme communication does not operate outside its desired zones. 
When simulating a fault in zone 3, followed by a remote CS signal 40 ms later, the 
accelerated tripping should occur and the relay should also transmit a CS signal. 
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To test the echo function, a continuous remote CS signal was simulated. If the echo function 
works accordingly, the relay should reply with a CS signal. 
To test the current reversal function of the relay a fault was simulated in zone 5 and at the 
same time a remote CS signal to the relay. Directly after this the fault jumps to zone 3 with 
the remote CS signal still transmitting. The current reversal function is supposed to block 
unwanted tripping in case of current reversal, and thus the relay should not trip during this 
test.   
6.2.6 Testing of scheme communication between relays 
When testing the Distance Protection Scheme communication between relays, only the 
POTT scheme communication was tested. The communication between relays were 
configured via binary inputs/outputs and by connecting these with copper cables between 
the two relays. Each relay was connected to its own OMICRON CMC 356 device which 
were synced using CMGPS 588 time synchronization. Then in RelaySimTest a line on the 
fault was introduced, and both relays reaction time was monitored. The test was run on 
percentages 5%, 50% and 95% of line length in both phase to phase and phase to earth fault 
scenarios. In both end the relays reaction time was monitored and recorded. A successful 
test would be in case both relays trips in around 40 ms after injection of fault in each end. 
To verify the test results the binary communication was interrupted to observe the relays 
behaviour independently as contrast. 
 
Figure 19. Visualization of simulated fault on line (OMICRON RelaySimTest) 
7 Results 
The results of this thesis are not available for public use.  
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CRWPSCH1
O:17|T:5|I:1
U3P
BLOCK
BLK_IRV
BLK_WEI1
BLK_WEI2
IRV
FF
CB_OPEN
CR
OPR_IRV
OPR_WEI
ECHO
CR
OR6
O:16|T:2,5|I:1
B1
B2
B3
B4
B5
B6
O
OR
O:19|T:2,5|I:0
B1
B2
O
AND
O:25|T:2,5|I:1
B1
B2
O
TPGAPC1
O:26|T:2,5|I:1
IN1
IN2
OUT1
OUT2
OR
O:27|T:2,5|I:3
B1
B2
O
FALSE
START_Z5
ZCAL_IREV
START_Z3
ZCAL_ECHO
START_Z3 START_Z1
ZCOM_TRIP
ZCOM_CRL
LINE_VT_U3P ZCAL_IREV
ZCAL_TRWEI
ZCAL_ECHO
FALSE
START_Z2
START_Z5
FALSE
START_Z1
START_Z2
START_Z3
START_Z4
START_Z5
BI_CB_CLOSED
BI_CB_OPEN
ZCOM_CRL
ZCOM_PRM
ZCOM_INTER_TR
ZCOM_BLK
BI_ZCOM_CR_PRM
BI_ZCOM_CR_BLK
BI_ZCOM_CR_INTER_TR
LINE_FUSE_FAILIURE_FSD1-U
FALSE
TRP1_TRIP
Scheme communication logic
DISTANCE PROTECTION
CURRENT REVERSAL AND WEAK INFEED LOGIC, DISTANCE PROTECTION
Distance protection communication logic
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SEQSPVC1
O:14|T:2,5|I:1
I3P
U3P
BLOCK
CB_CLOSED
DISCON_OPEN
MINCB_OPEN
FUSEF_3PH
FUSEF_U
LINE_CT_I3P
LINE_VT_U3P
FALSE
BI_CB_CLOSED
BI_PROT_MCB_FF
FALSE
LINE_FUSE_FAILIURE_FSD1-3PH
LINE_FUSE_FAILIURE_FSD1-U
FUSE FAILURE SUPERVISION
Voltage protection functions
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OR20
O:22|T:2,5|I:0
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
B14
B15
B16
B17
B18
B19
B20
O
TRPPTRC1
O:23|T:2,5|I:1
BLOCK
OPERATE
RST_LKOUT
TRIP
CL_LKOUT
OR
O:24|T:2,5|I:2
B1
B2
O
AND
O:32|T:2,5|I:0
B1
B2
O
TRIP_GFC
TRIP_Z1
ZCOM_TRIP
ZCAL_TRWEI
SOTF-TRIP
PROT_TRIP_3_PHASE
PROT_TRIP_3_PHASE
FALSE
FALSE
CB_LO
TRP1_TRIP
GENERAL_START
TRIP_Z2
TRIP_Z3
TRIP_Z4
TRIP_Z5
Front Logic CB Tripping
TRIP CIRCUIT CB
Tripping Logic
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VAMMXU1
O:44|T:5|I:1
U3P
BLOCK
HIGH_ALARM
HIGH_WARN
LOW_WARN
LOW_ALARM
U12-kV:1
UL1-kV:1
VMMXU1
O:42|T:5|I:1
U3P
BLOCK
HIGH_ALARM
HIGH_WARN
LOW_WARN
LOW_ALARM
U12-kV:1
U23-kV:1
U31-kV:1
U_INST_A
U_INST_B
U_INST_C
VSMSQI1
O:41|T:5|I:1
U3P U2_HIGH_AL
U2_HIGH_WARN
U1_HIGH_AL
U1_HIGH_WARN
U1_LOW_WARN
U1_LOW_AL
U0_HIGH_AL
U0_HIGH_WARN
U2_INST
U1_INST
U0_INST
FMMXU1
O:35|T:5|I:1
U3P f-Hz:1
RESVMMXU1
O:40|T:5|I:1
URES
BLOCK
HIGH_ALARM
HIGH_WARN
Uo-kV:1
RESVMMXU2
O:48|T:5|I:2
URES
BLOCK
HIGH_ALARM
HIGH_WARN
Uo-kV:2
LINE_VT_U3P
LINE_VT_U3P
LINE_VT_Uo
LINE_VT_Uo2
SINGLE PHASE VOLTAGE MEASUREMENT
THREE PHASE VOLTAGE MEASUREMENT AND SEQUENCE VOLTAGE MEASUREMENT
FREQUENCY MEASUREMENT
RESIDUAL VOLTAGE MEASUREMENT
Measurement of power, current and voltage (1/2)
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B B
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D D
E E
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RESCMMXU1
O:43|T:5|I:1
IRES
BLOCK
HIGH_ALARM
HIGH_WARN
Io-A:1
CMMXU1
O:33|T:5|I:1
I3P
BLOCK
HIGH_ALARM
HIGH_WARN
LOW_WARN
LOW_ALARM
I_INST_A
I_INST_B
I_INST_C
CSMSQI1
O:34|T:5|I:1
I3P I2_HIGH_AL
I2_HIGH_WARN
I1_HIGH_AL
I1_HIGH_WARN
I1_LOW_WARN
I1_LOW_AL
I0_HIGH_AL
I0_HIGH_WARN
I2_INST
I1_INST
I0_INST
PEMMXU1
O:39|T:5|I:1
I3P
U3P
RSTACM
S_INST
P_INST
Q_INST
PF_INST
EAFPULSE
EARPULSE
ERFPULSE
ERRPULSE
RESCMMXU2
O:46|T:5|I:2
IRES
BLOCK
HIGH_ALARM
HIGH_WARN
Io-A:2
SPEMMXU1
O:36|T:5|I:1
I3P
U3P
RSTACM
SL1-kVA:1
SL2-kVA:1
SL3-kVA:1
PL1-kW:1
PL2-kW:1
PL3-kW:1
QL1-kVAr:1
QL2-kVAr:1
QL3-kVAr:1
PFL1:1
PFL2:1
PFL3:1
LINE_CT_Io
LINE_CT_I3P
LINE_CT_I3P
LINE_VT_U3P
LINE_CT_Io2
LINE_CT_I3P
LINE_VT_U3P
RESIDUAL CURRENT MEASUREMENT
THREE PHASE CURRENT MEASUREMENT AND SEQUENCE CURRENT MEASUREMENT
THREE PHASE POWER AND ENERGY MEASUREMENT SINGLE PHASE POWER AND ENERGY MEASUREMENT
(2/2)
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OR6
O:28|T:2,5|I:3
B1
B2
B3
B4
B5
B6
O
OR6
O:30|T:2,5|I:11
B1
B2
B3
B4
B5
B6
O
OR6
O:29|T:2,5|I:12
B1
B2
B3
B4
B5
B6
O
START_Z1
START_Z2
START_Z3
START_Z4
START_Z5
GENERAL_START
BI_ZCOM_CR_BLK
BI_ZCOM_CR_INTER_TR
BI_ZCOM_CR_PRM CARRIER_RECEIVED
ZCOM_BLK
ZCOM_INTER_TR
ZCOM_PRM CARRIER_SEND
START_GFC
Signal Logic
A A
B B
C C
D D
E E
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BI_CB_OPEN
BI_CB_CLOSED
BI_CB_CL_CMD
BI_PROT_MCB_FF
BI_ZCOM_CR_PRM
BI_ZCOM_CR_BLK
BI_ZCOM_CR_INTER_TR
Slot C (BIO)_4.Input 4
Slot B (BIO)_3.Input 1
Slot B (BIO)_3.Input 3
Slot B (BIO)_3.Input 2
Slot B (BIO)_3.Input 4
Slot C (BIO)_4.Input 1
Slot C (BIO)_4.Input 4
Slot C (BIO)_4.Input 2
Slot C (BIO)_4.Input 3
Virtual Binary inputs
Slot B (BIO1001) Slot C (BIO1002)
A A
B B
C C
D D
E E
1
1
2
2
3
3
4
4
5
5
6
6
7
7
8
8
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TRP1_TRIP TRIP_Z1
ZCOM_PRM
ZCOM_BLK
ZCOM_INTER_TR
ZCOM_CRL
GENERAL_START
START_GFC
LINE_FUSE_FAILIURE_FSD1-U
Slot B (BIO)_3.Output 1
Slot B (BIO)_3.Output 2
Slot B (BIO)_3.Output 3
Slot B (BIO)_3.Output 4
Slot B (BIO)_3.Output 5
Slot C (BIO)_4.Output 1
Slot C (BIO)_4.Output 2
Slot C (BIO)_4.Output 3
Slot C (BIO)_4.Output 4
Slot C (BIO)_4.Output 5
Slot B (BIO)_3.Output 7
Slot B (BIO)_3.Output 6
Slot B (BIO)_3.Output 8
Vitrual Binary outputs
Slot B (BIO1001) Slot C (BIO1002)
A A
B B
C C
D D
E E
1
1
2
2
3
3
4
4
5
5
6
6
7
7
8
8
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A1RADR
O:38|T:2,5|I:1
LINE_IL1
CH1
LINE_IL2
CH2
LINE_IL3
CH3
LINE_Io
CH4
LINE_UL1
CH5
LINE_UL2
CH6
LINE_UL3
CH7
LINE_Uo
CH8
LINE_NPS
CH9
LINE_PPS
CH10
LINE_CLC
CH11
LINE_FREQ
CH12
LINE_CT_IL1_DR
LINE_CT_IL2_DR
LINE_CT_IL3_DR
LINE_VT_L1_DR
LINE_VT_L2_DR
LINE_VT_L3_DR
LINE_VT_NPS_DR
LINE_VT_PPS_DR
LINE_VT_FREQ_DR
LINE_VT_URES_CLC_DR
LINE_CT_IRES_DR
LINE_VT_Uo_DR
Disturbance report - Analog Inputs
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B B
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D D
E E
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B1RBDR
O:31|T:2,5|I:1
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
GENERAL_START
TRIP_Z1
START_Z1
TRIP_Z2
START_Z2
TRIP_Z3
START_Z3
TRIP_Z4
START_Z4
TRIP_Z5
START_Z5
SOTF-TRIP
ZCOM_TRIP
BI_ZCOM_CR_PRM
ZCAL_TRWEI
ZCAL_IREV
LINE_FUSE_FAILIURE_FSD1-U
BI_CB_CLOSED
TRP1_TRIP
TRIP_GFC
BI_ZCOM_CR_BLK
BI_ZCOM_CR_INTER_TR
ZCOM_CRL
ZCOM_PRM
ZCOM_BLK
ZCOM_INTER_TR
ZCAL_ECHO
CARRIER_RECEIVED
CARRIER_SEND
BI_CB_OPEN
BI_CB_CL_CMD
BI_PROT_MCB_FF
Disturbance report - Binary inputs
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D D
E E
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FALSE
O:13|T:2,5|I:0
FALSE
TRUE
O:53|T:2,5|I:0
TRUE
RDRE1
O:10|T:2,5|I:0
TRIGGERED
FALSE
TRUE
General IED Functions
FIXED SIGNALSA A
B B
C C
D D
E E
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Appendix B - Relay Phase to Phase Zones
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Appendix C - Relay Phase to Earth Zones
Relay A1 Relay A2
DIN-rail DIN-rail
OMICRON 
CMGPS 588
OMICRON 
CMGPS 588
OMICRON 
CMC 356
OMICRON 
CMC 356
90 VDC Power 
Supply
Remote 
Controlled PC
Control PC 
TEST ENVIRONMENT SETUP
ABB
_
Appendix D - Test Setup
The remaining appendices are confidential and
have thus been excluded.
